The method of multidimensional scaling was applied to matrices of finger interaction (IFM) computed for individual participants for finger force production tasks. When IFMs for young controls, elderly, and persons with Down syndrome were pooled, only two dimensions described interpersonal differences; these were related to total force and to the total amount of enslaving. When IFMs for each group were analyzed separately, subpopulation-specific dimensions were found. Potentially, this analysis can be applied to discover meaningful dimensions that reflect differences in indices of finger interaction across and within subpopulations which differ in their apparent ability to use the hand. It may also be useful for tracking changes in finger interaction that occur in the process of specialized training or motor rehabilitation.
Introduction
Differences in finger interaction have recently been reported between young control participants and subpopulations with possible changes in hand function, such as in healthy elderly (Shinohara, Li, Kang, Zatsiorsky, & Latash, 2003) and in persons with Down syndrome (Latash, Kang, & Patterson, 2002) . These differences were quantified using indices such as enslaving (unintended finger force production) and force deficit (smaller peak force of a finger when it produces maximal force with other fingers).
It is possible to describe the relationship among the fingers using an interfinger matrix (IFM) defined as: number of fingers involved in a task, and [W] is the (4 × 4) IFM. IFMs have been defined using a neural network (Zatsiorsky, Li, & Latash, 1998) or using data from experiments with peak force production with one finger at a time (Danion, Schöner, Latash, Li, Scholz, & Zatsiorsky, 2003) . In the latter study, ƒ(n) was substituted with an empirically defined coefficient 1/n 0.66 . In previous research the IFMs were computed over groups of participants (except in Gao, S. Li, Z-M Li, Latash, & Zatsiorsky, in press ). However, there are substantial differences among individuals in finger force production (Fransson & Winkel, 1991; S. Li, Danion, Latash, Z-M Li, & Zatsiorsky, 2000) . In this study we addressed the following questions: How many parameters ("dimensions") distinguish individual IFMs across the three subpopulations mentioned above? Do these dimensions also distinguish people within each subpopulation? We selected elderly persons and persons with Down syndrome (DS) for this comparison, because changes in finger interaction in these persons may be viewed as adaptive to other specific changes in muscle properties, neural control of muscles, or in cognition (Latash, 2000; Shinohara et al., 2003) .
For this analysis we used the method of multidimensional scaling (MDS), which has been specifically developed for statistical analysis of distances between pairs of points within a large set in a multidimensional space (Kruskal & Wish, 1978) . In this sense, MDS in unique and differs from other methods that have been used to describe arrays of data in a low-dimensional space such as principal component analysis, factor analysis, multiple regression, and others (e.g., Holdefer & Miller 2002; Santello, Flanders, & Soechting, 1998; Yoshida, Domen, Koike, & Kawato, 2002) .
Methods

Participants
For analysis, we used parts of data sets collected in two studies of finger interaction (Latash et al., 2002; Shinohara et al., 2003) . Data for 16 persons with DS, 16 controls (Con, matched to DS participants by age and gender), and 12 elderly persons (Eld) were analyzed. Detailed descriptions of the participants can be found in Latash et al. (2002) and Shinohara et al. (2003) . All participants (and legal guardians of persons with DS) gave informed consent according to the procedures approved by the office for regulatory compliance of The Pennsylvania State University.
Equipment and Procedures
Identical setups were used in both studies. Briefly, four unidirectional piezoelectric sensors (Model 208A03, Pizeotronic) were used for force measurement. Sensors were distributed 25 mm apart (DS group) or 30 mm apart in the adduction/ abduction direction of the fingers. The position of the sensors could be adjusted within the range of 60 mm in the longitudinal direction of the finger to fit the individual's anatomy. The force data were digitized by a PC at 1,000 Hz with a 16-bit resolution.
The participant sat in a chair facing the testing table with the upper arm at approximately 45° of abduction in the frontal plane and 45° of flexion in the sagittal plane, and the elbow at approximately 45° of flexion. The wrist was 20° into extension, and all finger joints were slightly flexed to form a dome. Participants were instructed to press downward maximally with each of the four fingers, I = index, M = middle, R = ring, and L = little finger, and with all four fingers together (IMRL). In single-finger tasks the participants were asked to keep the uninvolved fingers on top of the sensors and not to pay attention to possible force production by those fingers, as long as the finger that was specifically involved produced maximal force. A few practice trials were given before testing. Two consecutive trials were performed for each finger. A trial with higher peak force produced by the specifically involved finger was used in the analysis. Total duration of a trial was 5 s, with 30-s breaks given between trials to avoid fatigue.
Data Analysis
The method was similar to the one used by Gao et al. (in press) . Each column of the computed 4 × 4 IFM represents the finger forces (in Newtons) induced by a command of unit intensity to a finger. Diagonal elements of the matrix represent the forces induced in fingers by commands targeting those fingers. The off-diagonal elements represent the enslaved forces, for example, the forces exerted by finger i due to a command sent to finger j (i ≠ j). We will call these matrices the non-normalized IFMs. Normalized IFMs were computed by dividing the elements of a non-normalized IFM by the sum of its elements. An {i,j} element of a normalized IFM equals the relative contribution of finger i induced by the command to finger j into the total force summed over four single-finger MVC tests.
The differences between the individual IFMs were computed as follows: Suppose we have two IFMs computed for participants p1 and p2. The corresponding matrices are A and B and their difference is (A-B). The dissimilarity of the matrices was computed as a square root of the trace of a matrix, (A-B)
where the superscript T denotes the transpose. This procedure is equivalent to representing the matrices as 16-dimensional vectors and determining Euclidean distances between them. We will call δ ij a proximity of matrices A and B for participants p1 and p2. The values of δ ij were arranged into proximity matrices (∆) reflecting pair-wise distances between IFMs within a set, which were computed separately for each subpopulation (∆ Con , ∆ Eld , and ∆ DS ) and for all participants together (∆ ALL ). The proximity matrices for both normalized and non-normalized IFMs were input into the Statistica MDS function module, which transforms the proximity data into Euclidean distances in a low-dimensional space. The Euclidean distances and the monotonic function that transforms the proximities into distances (D-hat; Kruskal & Wish, 1978) were estimated by minimizing the following stress function:
where d ij are the distances and f(δ ij ) indicates a monotonic transformation of the elements δ ij of the input proximity matrix ∆. The following values of stress are
commonly accepted: 0.2 = poor; 0.1 = fair; 0.05 = good (Kruskal & Wish, 1978 ). An acceptable number of dimensions is defined as the smallest number that leads to an acceptable stress value, whether fair or good. For further analysis, individual coordinates of the participants along the identified dimensions were correlated with the following variables: total force during the IMRL task; individual finger forces during single-finger tasks; shares of finger contribution into the total force during the IMRL task, %; location of the resultant force of the four fingers along the mediolateral axis, mm; traces of the IFMs, both normalized and non-normalized; sums of the off-diagonal elements of IFMs, both normalized and non-normalized;-these represent the total amount of the enslaved finger forces, in N and percent, respectively.
Results
Analysis of the stress as a function of the number of dimensions (the so-called scree plot) across the four ∆-matrices for non-normalized IFMs produced values ranging between 0.014 and 0.061 at two dimensions, and between 0.002 and 0.033 at three dimensions. The stress for the normalized IFMs was between 0.070 and 0.116 at two dimensions, and between 0.031 and 0.078 at three dimensions. Hence the non-normalized IFMs can be represented sufficiently well in two dimensions, while three dimensions account well for the individual differences in normalized IFMs. Note the substantial decrease in dimensionality: from the ∆-matrices with dimensions 16 × 16 (DS and Con), 12 × 12 (Eld), and 44 × 44 (all participants together) to 2-or 3-dimensional spaces.
The outcome of an MDS is customarily presented as a map representing a configuration of points in the two-dimensional Euclidean space that approximates the original set of proximities. Figure 1 illustrates distributions of points after analysis of normalized IFMs for the three subgroups. Note that the points for the three groups are intermixed. To interpret the dimensions, we computed Pearson coefficients of correlation between the coordinates of the participants in the 2-and 3-dimensional spaces and a set of preselected parameters. Significance of correlation coefficients was defined taking into account the actual number of persons in each group.
For the non-normalized IFMs, the first dimension correlated highly with the finger forces. The coefficients of correlation of this dimension with the sum of the peak finger forces were 0.930, 0.995, 0.996, and 0.988, respectively, for Con, Eld, DS, and all participants pooled together. The second dimension of the nonnormalized IFMs correlated highly with the total amont of enslaving assessed as the sum of off-diagonal elements of IFMs (0.823 for all participants; 0.451, 0.727, and 0.594, respectively, for Con, Eld, and DS). The first and second dimensions for the normalized IFMs correlated significantly with the total amount of enslaving.
For IFMs computed over the pooled data, no other correlations were found. However, IFMs computed over subpopulations showed significant correlations with other indices of finger forces. In particular, the second dimension of non-normalized IFMs of Con showed significant correlations with the involvement of the index finger, while the first dimension of normalized IFMs showed significant correlations with involvement of the three other fingers. IFMs for Eld showed correlation between the first dimension of normalized IFMs and the relative force of the L finger, as well as correlation with the location of application of the resultant force in the mediolateral direction. IFMs for DS showed correlations between the first dimension of normalized IFMs and force production by the M, R, and L fingers. These coefficients were compared across groups using z-transformed values:
Typically, correlation coefficients computed separately for the second dimension over subgroups were modest, although significant, ranging between 0.45 and 0.65. As a result, only the correlation in Eld with the location of application of the resultant force in the mediolateral direction differed significantly from that in Con.
Discussion
The results allow us to conclude that similarities/dissimilarities among the individual IFMs can be described by the values along just two or three dimensions. This nontrivial conclusion is in good agreement with a previous study of a group of healthy young participants (Gao et al., in press) . When all participants are grouped into a single population, the data are spread along dimensions that may distinguish them across all three subpopulations as well as within each subpopulation, or distinguish the subpopulations from each other. In the latter case, a strong correlation may appear that might not be present when each subpopulation is analyzed separately. For the non-normalized IFMs, the first interpretable dimension was the strength of the participants. The result is nearly trivial; it suggests that the method is powerful enough to discover interpretable dimensions, if they exist. The second dimension of non-normalized IFMs and the first two dimensions of normalized ones could be interpreted as reflecting the total amount of enslaving. This is a less trivial observation and it matches well the documented higher enslaving in persons with DS and lower enslaving in elderly (Latash et al., 2002; Shinohara et al., 2003) , both of which are likely to spread the data along that dimension.
We consider as most interesting the finding that analysis of the data pooled over the three subpopulations showed no other interpretable correlations, while data sets for each subpopulation showed group-specific correlations of the dimensions for both normalized and non-normalized IFMs. This suggests that the MDS method can be used to discover subpopulation-specific regularities in finger interaction related to such indices as relative involvement of particular fingers (cf. Kinoshita, Kawai, & Ikuta, 1995; Talsania & Kozin, 1998) , location of the application point of the resultant force, force deficit, etc. This presents a promising application of the method to discover meaningful dimensions reflecting differences in indices of finger interaction across and within subpopulations that differ in their apparent ability to use the hand. It may also be useful for tracking changes in finger interaction that occur in the process of specialized training (cf. Slobounov, Chiang, Johnston, & Ray, 2002) or motor rehabilitation.
